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Spectral properties of a double-quantum-dot structure: A causal Green’s function approach

J. Q. You and Hou-Zhi Zheng
National Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences,
P.O. Box 912, Beijing 100083, China
(Received 13 January 1999; revised manuscript received 15 April) 1999

Spectral properties of a double quantum ¢@D) structure are studied by a causal Green'’s functi®R)
approach. The double QD system is modeled by an Anderson-type Hamiltonian in which both the intra- and
interdot Coulomb interactions are taken into account. The GF's are derived by an equation-of-motion method
and the real-space renormalization-group technique. The numerical results show that the average occupation
number of electrons in the QD exhibits staircase features and the local density of states depends appreciably on
the electron occupation of the d¢50163-18209)12535-9

I. INTRODUCTION Il. CAUSAL GREEN’S FUNCTIONS

For the double-QD structure, we consider an Anderson-
Semiconductor quantum dotQD’s) are nanostructures type model in the tight-binding formalism
that allow electronic properties to be tailored through quan-
tum confinement. In these systems, the discreteness of H=Hg+H+Ho, 1)
charge carried by a single electron and the interplay of quan- .
tum effects become manifest in striking wdyslow, ad- with
vances in nanotechnologies have made it feasible to realize

tunneling through a single electronic level within the dot. H,=> [EACh,Cas+ EgClyCro+ Tas(ChyCaot H.C)I

Because the Coulomb interaction of electrons is important in o

the QD, several theoretical pap&tfshave suggested that the

tunneling through this single quantum level can be appropri- +UaNaiNp | + UB”BTnBﬁVABE NasNBy’ » 2
ately described by the Anderson model for a single magnetic oo’

impurity.

Recently, increasing interest has been generated in double _ T t
QD structures:""1°As compared with the single-dot struc- He TL% (CA"C“‘T+H'C')+TR; (CeCpotH.C),
ture, the double QD system exhibits more complex behaviors €)
and has, however, been less investigated due to its complex-

ity. Very recently, Fujisawat al® experimentally studied the

inelastic transitions in a double QD system, and Bltlal'°

performed photoconductive measurements on the double QD Ho=>, [SiCiT,;Ci(r_i_tl(CiTUCi—l,(r—'— H.c)]

and demonstrated the Rabi oscillations in this artificial mol- ho

ecule. These studies show that the energy spectrum of the

double QD strucure is essential in understanding the experi- +2 [ajc;racjg+t,(cf(,cj+1yg+ H.c)]. (4
1,0

mental observations.
i n :‘ht?l prgsetr:lt artllgle, V\;e |n\k/)est|gate thIeGspect,raprroy?erHere’ Hq is the Hamiltonian of an isolated double QD, in
les of the double QD system by a causal Green's unction, ich Ny, (Ng,) IS the number operator for electrons with
(GF) approach. The double QD structure we study is mod-,

X ) spin o in dot A (B). The termUana;na (Ughgng) in
eled as two coupled QD’s, each connected via a tunnel bagq, - (2) characterizes the effect of Coulomb interaction be-

rier to a lead. As in Refs. 7 and 8, to reveal the effects Okyyeen two electrons of different spins in da(B), while the
electron correlations, we employ an Anderson-type Hamilyast term in Eq(2) characterizes the effect of interdot Cou-

tonian to model the double QD system, where both the intrgomp, interaction’ The HamiltonianH, describes the trans-
and interdot Coulomb interactions are taken into accountger of electrons between the left lead and dpand between
The paper is Organized as follows: In Sec. Il, the causal GF’$he right lead and doB. Typically, Ua and Ug are much
are studied. We derive the GF’s by an equation-of-motionarger than the transfer integral§, |, | Tg|, and|Tg| in the
method and the real-space renormalization-gr@¥) tech-  double QD structure. Equatio@) gives the Hamiltonian of
nique. In Sec. Ill, we present the numerical results on thehe left and right leads, wherg =¢, for sitei=a ande;
electron occupation and the local density of statd30S) of =g for sitesi=—-1,—-2,—-3,..., while gj=g4 for site j

the double QD structure. The electron occupation of the QD=4 ande;=e¢, for sitesj=1,2,3.... In thefollowing, we

is calculated in a self-consistent way. Finally, Sec. IV pro-employ the causal GF's to obtain the spectral properties of
vides a brief summary of the paper. the model Hamiltoniaril).
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The retarded GF for Fermi operataBsandD is defined  [Z—E,—Vag(1+(Ngs))1{{NeyCanlCh,))

as
=(Ngy) (1+ Tas((Caol Chp)) + TL{{CaolCh))

G(t)=—flt—0(t)<{C(t),D}>=<<C(t);D>>, (5) +Ua((NazNB,CaslCh)Y, (14)

where 6(t) is the Heaviside function, the curly brackets de-[Z—E,—Vag(1+(ng, ) 1{{NgsCaslChy))
note the anticommutator, and the brakéts- ) indicate the R :
thermal average. The Fourier transformGft) =(Ng)(1+ Tag{(CaolCac)) + TL{(CarlCas)))

oo +UA((NANEZCAICh,))- (15)
G(Z):f dtG(Hexpizt/f)=((CID))  (6) AR TR AT _

—o The above equations of motion are not closed, since the

obeys the equation of motioh'2 third-order ) GF's ((nA;nBocA_(,|ch)> and
({NagNEsCaslCA,)) are needed to derive the second-order

Z{(C|D))=({C,D})+(([C,H]|D)), (7)  GFs <T<nA;cAUI.C_I\U>>, ((ngCarlCh,)),  and

whereZ=E+i7, with  being a positive infinitesimal num- {{NsoCas|Ca)). Writing the equations of motion for the

ber. third-order GF’s and closing them at this stage, we obtain the

From Eq.(7) it follows that following relations:

(Z— En)((CanlCho)) = 1+ Tag((Canl Chol) + Te({Cunlche))  ((MaaMEaCaslCA))

+UA{Nazaclcho) - E”A?V“B(ffiﬂn 5 (0 Tas((Garlch)
+VAB(<<nBUCA0’|CL0>> A AT he 5o
+<<nB_CA |CL >>), (8) +TL<<CaU|CAo'>>)i (16)
where _I§<nA;CA.<r|CL0>>’ ((NgyCaglCh )Y, and  ((NasNEsCaslCAL))
((NgCaslCa,)) satisfy B (Nas)(ngs) L4 Taa((Calcl)
Z{(NasCaslCA) = (Nag) +{({[NasCas H1lCA,)), Z—Epa—Up—Vag(1+(ng,)) AB\\*Bol“Ao
Z<<nB(rCA(r|CL(r>>:<nBrr>+<<[nBerA¢r!H]|CI\0>>1 (9) +TL<<COKU|CL0'>>)' (17)

From Egs.(8) and(13)-(17), we finally obtain
Z<<nB;CA0'|CLU>>:<nB;>+<<[nB;CAU!H]|CI\¢T>>' + t +

Since correlation between electrons at the same site is of<<CAU|CAU>>:9A0(1+TAB<<CBU|CAU>>+TL<<C‘1”|CAU>>)1’8

dominant importance, we follow Hubbdfdto approximate (

GF's involving more than two sites by GF’s involving not with

more than two sites. Herfena,Cay,H], [NgsCas.H], and

[NgCa,,H] are approximated b Vas
Bt i g 00 (D= D)+ 5| gRAD+ 6 2)
[NasCac H]=(EaA+Ua)NasCast(Nas)(TagCBs T TLCao)
U
+Vas(NasNBoCact NaNB-CAs) (10 + —Agfﬁﬁ(z) , (19
Z_ EA_ UA

[NgsCar HI=[Ea+ Vap(1+(Ng,))INg,Cast(Npy)

X(TagCeot TiCuo) T UaNANECA

(2),1=0, 1, 2, and 3, are given by
0) 1_<nA;> 4 <nA;>

)
o

whereg{l

(11) 92 =7 E Y ZoE,-Un (20
[NeoCas HI=[EatVas(1+(Ng,)) INe5Cas+(Nes) W7) (L= {nag)){Ngy)
X(TagCBo+ TLCag) T UANANBCAs - 94c Z—Ep—Vag(1+(ngy))
- | | 12 N (M e) o1
Substitution of Eqs(10)-(12) into Eq. (9) gives 7 En UA_VAB(1+<nB;>),
Z-Ep—U i
( A A)<<nA(7CA(r|CA(r>> 2 Z)_ (1_<nA;>)<nB;>
= (M) (14 Tas((CaolChAN) + TL{(CarlCA)) 94,(2) = Z—Ep—Vag(1+(ng,))
+Vag({({NagNBoCaslCA) T {(NacNEsCasICA)). N (Nag)(Ngs) (22

(13

Z—Ep—Up—Vap(1+(Ng,))’
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(Nas){(Ngy) cause the RG equations converge to the fixed point rapidly

(3)( Z)= with increasing iterations. Thus, we have
Z—Ea—Up—Vag(1+(ng;)) g '
{Nac)(Neo) ((CpolCho)) = = ((CaslCho)) (31)
+Z_EA_UA_VAB(1+<nB(r>). 23 poee 2_82 poee

A similar decoupling approximation was also employed inSimilarly, one can derive that
Ref. 2 to derive the retarded GF of a single QD system. This

kind of decoupling approximation is valid for temperatures N +
higher than the Kondo temperatdfe'®> Analogously, one (CpolCar)) = " ((CaolCan)): (32)
can derive the following equations: b
((enrh) =OnrTasl(Coclchd) +Te(Cadch)), (Caolchod) = - ((CarlCho ). 33
((Ca0lCh,)) =Tmo{ 1+ Tas({Carlcho)) + Ta((Cprlcho))). T i )
(25) <<Caa'|CBo'>>: 7 * <<CAU|CB(r>>' (34)

a

<<CB”|C/T*<’>>:gB‘T(TAB<<CA<T|CL0>>+TR<<CB<T|C/T*U>>)’26 wheree? corresponds to the fixed point of the RG equations
) that have the same form as E80) with substitutions ofa
with gg,(Z) given by andl| for g andr.

Substituting Eqs(31)-(34) into Egs.(18) and (24)-(26),

Ue.(Z)= g(o)(Z)+ Vea we finally obtain the solutions for the GF's:
Bo

L PAR P4
(0)

Ao
e {Calcha)) =5~z
+ T o(Z) | 27 1-GayGroTag
Here, Vga=Vag and g{)(2), i=0, 1, 2, and 3, are ob- ) GQ)
tained from Eqs(20)-(23) by replacingA (B) with B (A). <<CB”|CB”>>:1—G(°)G(°)T ,
Also, it follows from Eq.(7) that Ac=Ba TAB
(0)=(0)
Z—eg){(Cgolct V) =Tr{(Ca,|ch ) +t,((Crolct, )Y, GasGio I aB
( B)<< B | BU’>> R<< B | Bu’>> r<< 1 | B(r>> <<CA(T|C1B-0'>>:<<CBO'|C;£\(T>>_ G(O)G(O)TAB' (35)
(Z_Sr)<<C]0|CEo’>>:tr<<Cj*1,0|C1B-0>>+tr<<cj+l,(r|céa'>>’
where
i=1,23.... (28)
Jac
This set of equations can be solved effeciently by the real- (0)( Z)=

space RG techniqu&!” As odd sites are decimated, one 1-ga, TE/(Z=¢7)

obtains a new semi-infinite lattice with renormalized param-
eters. At thenth stage of decimation, E¢28) becomes

(Z= e {(CpolCho)) = Tr{(Caol Cho)) + 1 ((Can slek,)),

gBa’
1-0g,TRl(Z—¢})’

cQ(z)= (36)

in which g,,(Z) and gg,(Z) are given by Eqs(19 and

(Z_Sl('n))<<02nj,(rlcg(r>>:tl(’n)<<c2n(j—l),(r|C1B-4r>> (27)
t
M ((Canj+1).0l CEo)s IIl. ELECTRON OCCUPATION
) AND LOCAL DENSITY OF STATES
i=123..., (29 _ _
_ The average occupation numbers of electrons in dots
where the RG equations are andB are given by
(tl('n—l))Z -
W=y e =e e, (Nag)=(ChAsCas) = f dEF(E)pas(E),
r — 00
s(n)zs(nfl)—kt(n) n=12.3... (30)

<nBO'> = <C1B.0'CBO'>: j d Ef(E)pBU(E)! (37)
with t9=t,, eO=¢,, ande%)—sﬁ Whenn— =, there is -
t(”)—>0 and thens(”)—>s ande()—e%, wheree} ande’;  wheref(E)={exf(E—u)/ksT]+1} ! is the Fermi distribu-
correspond to the flxed point of the RG equations. In thetion and the LDOS'’s for doté andB are determined by the
numerical calculations, tens of iterations are adequate beetarded GF's:
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FIG. 2. (a) Average occupation number, as a function of the
site energyE, ; (b) and(c) LDOS at dotA for E5= (b) —6 and(c)
—3. Here,Vag=1, Tpg=0, kgT=0.01, andu=0. Other param-
eters are the same as in Fig. 1.

FIG. 1. (a) Average occupation number, as a function of the
site energyE, ; (b) and(c) LDOS at dotA for E5= (b) —5 and(c)
—2.5. Here,Vpg=0, Tag=—0.3, kgT=0.01, andu=0. In this
figure and the following ones, we chooBg=Ug=5, T =Tr=
—0.1,e=¢,=¢,=55=0, andt;=t,=—30. ) )

Figure Xa) presents the average occupation number of

electrons in dotA, na=(nx;)+(n,,), as a function of the
site energyE, (the single-particle level of the dat). The
parameters are chosen to bg=Ug=5, Vpg=0, Tpg=
—0.3, andT =Tgr=—0.1. The temperature ikgT=0.01
and the chemical potential is fixed at=0. It can be seen
that with the site energy decreasing, which is equivalent to
the uplift of the chemical potential, the average occupation
Since the retarded GF’$<CAU|CI\U>> and<(CB,T|CEg>> de-  number increases in a staircase fashion. Interestingly, two
pend on{n,,) and{ng,) throughga,(Z) andgg,(Z), the  small steps appear arouh=0 (—5). As explained be-
average occupation numbers,,,) and(ng,) are thus deter- low, these two steps are due to the occurrence of the spectral
mined self-consistently. splittings at single-dot levelg, andE,+ U, . In the present

In what follows, we present the numerical calculations.case, the interdot Coulomb interaction is not considered
As a typical example, we study the symmetric double-QD(V,z=0). If the interdot and dot-lead couplings are further
structures with parameterEa=Eg, Uy=Ug, T =Tg, g removed, the doté&\ and B become two isolated QD’s. For
=g,=¢g,~ep=0, andt;=t,= —30. Here the nonmagnetic the symmetric structure we study, each isolated dot has lev-
case is considered, i.€nx;)=(Na;) and(ng;)=(ng); for  elsEx=Eg andEp+U,=Eg+Ug. It is expected that the
the symmetric structures, one further has,;)=(na) presence of the interdot coupling will split each of the de-
=(ng;)=(ng,). Recently, Pohjolat al® studied the Kondo generate levelgE,=Eg andE,+ U ,=Eg+ Ug into two mo-
effect in the double-QD structure. This is not the case wdecular ones, while the couplings between dots and leads will
study, since temperatures higher than the Kondo one are heneodify (renormaliz¢ the molecular states. Because the
involved. chemical potential is kept zero, the decrease of the single-

1 T
pA(r(E) = ; Im <<CArr|CA()‘>>’

1
peo(E)=——Im((cg,lcg,))- (38)
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particle levelE, (=Eg) then leads to the successive filling the noninteracting case, the two peaks at higher energies dis-
of the renormalized molecular levels and yields a steplikeappear and the two peaks at lower energies correspond to the
variation of the electron occupation. The staircase feature dfingle-particle levels of the double QD. The dependence of
the average occupation number displayed in Fig) i simi-  the LDOS peak heights and positions on the electron occu-
lar to the results derived by directly diagonalizing the Hamil-pation reveals that the single-particle spectrum is appreciably
tonian of the system with a given number of electrbns. affected by the Coulomb interaction. Also, from FigclLit
However, our results show that the heights of the two smalkan pe seen that &,= — 2.5, the LDOS is symmetric about
frt]eps aLOL;)r_‘I‘fEt_A:Of (|_52 are different, whicThindicates tf}gt E=0 (the position of the chemical potentialThis corre-

e probabilities of electron occupancy on the renormalize i ; :
molt-?cular states are not the san?e. Ir)1/ our work, an infinitgzponndizt% ;he half filling of the QD, since there (i)
system is actually treated, since the spectral properties of the InAlFig é.we show the average occupation number of

double QD are derived from the total Hamiltonian that in- . _
cludes the dot-lead couplings. The unequal step heights di/_lectrons in dof and the LDOS for the case ,=0 and

scribed above may be due to the renormalization effect b as=1. Analogous t.o'F|g. 1 the average occupation num-
the couplings between dots and leads. In Figs) and 1c), er of electrons exhibits staircase features. Also, the LDOS

we display the LDOS at dof, pa=pa;+pa,, for Ex= has a four-peak structure and depends apprecigbly on the
—5 and—2.5. The LDOS exhibits a four-peak structure in variation of the site energl, . If the dot-lead couplings are
which a gap, determined mainly by the Coulomb interaction urther absent, the dots andB are then connected only by
separates the two LDOS peaks at lower energies and the twbe interdot Coulomb interaction. Associated with all pos-
peaks at higher energies. When the site en&gjncreases, Sible occupancy configurations of the isolated double QD,
the two LDOS peaks at lower energies increase in botlfihe electrons in dof take four kinds of levelsE,, Ea
height and spectral splitting, while the other two peaks attVag, Ea+Ua, andEx+ U+ Vg, While the electrons in
higher energies decreases in both height and spectral splidot B take levels,Eg, Eg+Vag, Eg+Ug, and Eg+Ug

ting. Since the shift of the site ener@ is associated with + Vg, in which onlyE, andEg are the single-particle lev-
the variation of the average occupation numbsge Fig. els. For the symmetric structure, these levels are degenerate,
1(a)], the above observations indicate that the LDOS dei.e., EA=Eg, Epn+Vag=Eg+Vag, EatUp=Eg+Ug,
pends sensitively upon the electron occupation of the dot. I@Nd Ep+Ua+Vag=Eg+Ug+Vag. The four peaks in the
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LDOS [see Figs. &) and 2c)] correspond to these four L R A
degenerate levels, but they have been renormalized by th '
couplings between dots and leads.

Figure 3 displays the average occupation number of elec:
trons in dotA and the LDOS for the case df,z= —0.3 and
Vag=1. In the LDOS’s given in Figs. ®) and 2c), the
lowest peak corresponds to the single-particle level. As ex-
pected, it will be split into two molecular levels by the pres-
ence of the interdot couplinfsee, e.g., Fig. @)]. For the
other three peaks, the calculated LDOS demonstrates suc
spectral splittings as well. The spectral splittings are also
reflected in the average occupation number of electisas A
Fig. 3@]. Comparing Fig. 8) with Fig. 2(a), one sees that
three new steps appearBt~0, — 1.5, and— 7. As a matter 15 (b) 1
of fact, there exists a new step B~ —5, but it is not
resolved at current temperatukgT=0.01. When the tem- 10} i
perature becomes lower, this step will be resolved. Figure8
3(b) provides the corresponding average occupation numbe Q

of electrons at temperatutesT=0.1. Apparently, with the di Jl Jl ]

Number

upation

Occ

temperature increasing, the electron occupation curve is
smoothed and the new small steps seen in Fig. &e not 0
resolved. In a recent work, Ramirest al.’ calculated the s 7B 5 4 3 2o i 2
average occupation number of electrons for a similar —— T
double-QD system. Their results do not display the small 45| (©) -
steps associated with the interdot couplsge Fig. 2o) in
Ref. 7]. Actually, this is what one expects, since the tempera-
ture used by themkgT/U,=0.04, is even higher than the ., '°T T
temperature for calculating Fig.(I8, kgT/U,=0.02. For 8

comparison, we also give in Figs(d} and 3f) the LDOS's — 5t -
corresponding to the average occupation number of electron h

in Fig. 3b). The LDOS’s have appreciable changes as the
temperature varies, but the main features are preserved. F 0 e
nally, we present in Fig. 4 the average occupation number of 5 4 3 2 4 0 1 2 3 4 5 8
electrons and the LDOS for the case with both strong- Energy
interdot coupling and strong-interdot Coulomb interaction. In , )
this case, the spectral splitings are more clearly demon- F'C: 4. (8 Average occupation numbey, as a function of the
strated. It is clear that all the small steps are well resolved 't CNCraEa; (b) and(c) LDOS at dotA for Ex= (b) ~6 and(c)

. —3. HereVag=1, Tag=—1, kgT=0.01, andu=0. Other param-
[see Fig. 4a)] and the LDOS peaks are largely separdi eters are the same as in Fig. 1
Figs. 4b) and 4c)]. In addition, one can conclude that the T
LDOS depends appreciably on the electron occupation of thehe real-space RG technique. Numerical calculations show
QD, since the LDOS exhibits apparent changes for differenthat the average occupation number of electrons in the QD

site energies of the dot. exhibits staircase features and the LDOS has an appreciable
dependence on the electron occupation of the dot. Our ap-
IV. SUMMARY proach can be extended to artificial molecules with more

than two coupled QD’s. Though it is more complicated, the

In summary, we have studied the spectral properties of eneralization is straightforward.

double-QD structure by a causal GF approach. To reveal th
effects of electron correlations, we employ an Anderson-type A
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